This paper reports observations of P-wave spectra from underground nuclear explosions for periods greater than about 1 s. The spectra have a maximum at about 2-3 s and decrease rapidly at longer periods. Two phenomena could cause such a decrease: (1) The surface reflection (pP), with its polarity opposite to that of the direct P wave, might differentiate the long-period signal and cause a modulation of 21sinwto/21 where to is the interval of time between P and pP; or (2) the source time function for the pressure on the boundary of the elastic zone surrounding the explosion might more nearly resemble an impulse than a step function as often assumed. The data are consistent with the simultaneous occurrence of both phenomena, but they are of insufficient quality or quantity to establish which is more important. If other information shows that the reflection does not have a large effect on the observed spectrum, then the data show that the source time function is primarily an impulse.
Introduction
The most reliable seismic techniques for discrimination of earthquakes from underground nuclear explosions are based on spectral differences in the waves radiated by these sources (Evernden 1969; Pasechnik et ul. 1969) . The best of these techniques considers a broad band of the spectrum, and many studies show that surface-wave amplitudes (with periods between about 15 and 50 s) are considerably smaller for underground explosions than for earthquakes with the same body-wave magnitude, mb, measured at periods between about 0.5 and 1.5 s (e.g. Evernden 1969; . Recently, studies of a single wave type also showed spectral differences between earthquakes and underground nuclear explosions in the relatively narrow bands of 0.5 and 1.5 s for PB (Bakun & Johnson 1971) and 15 and 50 s for Rayleigh waves (Derr 1970; Marshall 1970; Molnar et ul. 1969; Savino et ul. 1971) .
The present study considers P-wave spectra in the band from 1 s to about 20 s recorded at teleseismic distances from underground nuclear explosions and earthquakes, and shows pronounced differences in spectral content between these types of events. These differences are so obvious that explosions sufficiently large to be recorded at teleseismic distances can be identified simply by visual examination of the P waves recorded by long-period seismographs. The results corroborate those reported by Matumoto & Boucher (1967) , Pasechnik (SIPRI 1968), and Wyss, Hanks & Liebermann (1971) and are consistent with the time signals observed by Davies (1970b) for P K K P .
This study was undertaken primarily to investigate the causes of the spectral differences of waves radiated by earthquakes and underground explosions. Many studies either predicted or interpreted spectral differences from earthquakes and explosions as the result of differences in source dimensions of earthquakes and underground nuclear explosions (Keylis-Borok 1961 ; Pasechnik et al. 1961; Press, Dewart & Gilman 1963; Thirlaway & Carpenter 1966) . However, differences in source dimensions cannot explain the observed spectral difference of Rayleigh waves between 15 and 50s (Molnar et al. 1969; Tsai 1969; Tsai & Aki 1970a) .
Others have suggested that the time dependence of the equivalent force system at the source of an earthquake may be different from that of an underground nuclear explosion. For an earthquake the source time function is usually considered to be approximately a step with a finite rise time, whereas that of explosions is sometimes assumed to be approximately an impulse (Bakun & Johnson 1971; Davies 1970b; Liebermm & Pomeroy 1969; Molnar et al. 1969; Savino et al. 1971; Toksoz, BenMenahem & Harkrider 1964; Wyss et al. 1971) . On the other hand, several of these studies consider surfave-wave spectra, which depend upon both the focal mechanism and depth of focus of the event Tsai 1969; Tsai & Aki 1970b, c) . Tsai & Aki (1970a) contend that Rayleigh-wave spectral differences are mainly a consequence of differences in depth of focus, not in source time function. It is clearly very important to detennine whether or not the source time function is different for explosions and earthquakes, because if major differences do exist, then the spectra from these two types of events will always be different. If the events can be detected, discrimination is then theoretically always possible.
In order to clarify the relative importance of depth, the source dimension, and the source time function as factors in discrimination, we might eliminate depth as an obvious factor by considering body phases. Unfortunately, the surface reflection, p P , appears to complicate the observed far-field spectrum for shallow events, and it is necessary to include its effect in the analysis. Although the results suggest that the time functions of earthquakes and underground nuclear explosions are different, the data are not conclusive unless the surface-reflected phases can be shown to be small. Fig. 1 shows both P-wave signals and their spectra (solid lines) recorded at Palisades, New York, from two underground explosions, Jorum and Milrow, and two earthquakes, one in Chile and another near Puerto Rico. These earthquakes have approximately the same mc as the explosions. One earthquake is not notably unusual in any way and this might be called a ' typical earthquake '. The other occurred at intermediate depth and thus is especially rich in higher frequencies.
Data
These recordings were made by the vertical component of an instrument with a response that peaks near 1 Hz and decreases at 6 db/octave between periods of 1 and about 15 s, and at 18 db/octave at longer periods. The amplitude spectrum of the noise (dotted lines) for the 40 s before the onsets of the P waves from explosions are also shown in Fig. 1 . Because the spectra for the noise and for the signal from the explosion are comparable at periods greater than about 5-6 s, the absolute level of this portion of spectra from the explosions cannot reliably be determined. Hence, no correction for instrument response was made.
This figure demonstrates the pronounced differences in the spectra of the earthquakes and underground nuclear explosions. The earthquake spectra rise to a maximum at a period of near 10 s. Both the lack of resolution due to the short time samples and the effect of the instrument response at periods greater than about 15 s limit the credibility of this portion of the spectrum. The explosion spectra, however, peak near 2 s and decrease with increasing period. The peaks in the explosion spectra are at much shorter periods than those from the earthquakes. Milrow contains more shorter period energy than Jorum, but this probably reflects the high attenuation by the low-Q zone beneath the Basin and Range Province on the Jorum P-wave, and may also be the result of detonation in different media. Wyss (1970) found the highest apparent stress in that region, and hence it is noted for being rich in shorter periods. It can be seen from the character of the seismograms that the P waves from nuclear explosions are very different from those of earthquakes of comparable mb. The predominant periods measured from the long-period seismograms for earthquake-generated P waves are always greater than 5 s and usually 10 s or more. Explosion-generated P waves, however, have predominant periods less than 4 s and as low as If s. The character of the P waves from the explosion is clearly different from that of P waves from earthquakes. The P wave from the South American earthquake looks very much like the impulse response of the instrument; the signals from these explosions more closely resemble the first, or possibly the second, derivative of the impulse response.
The response of the long-period WWSSN instrument at periods less than 10s is approximately proportional to period. Thus, the short predominant period of P-wave signals from explosions reflects a marked absence of longer periods. To show this more clearly, Fourier spectra for P waves from two explosions and from the three earthquakes, corrected for instrument response, are shown in Fig. 3 . The explosion spectra have a pronounced peak between about 13 and 4 s and decrease sharply at longer periods. The earthquake spectra, however, rise to a maximum at periods of about 10 s. At longer periods there is inadequate resolution to determine whether or not the spectrum is flat. Data from other studies (e.g. Berkhemer & Jacob 1968; Brune & Tucker 1970; Teng & Ben-Menahem 1965) suggest that at long periods the P-wave spectra from earthquakes do become flat. This result has been questioned both theoretically (Archambeau 1968 (Archambeau , 1970 and experimentally (Linde & Sacks 1970). Nevertheless, even if the P-wave spectrum does decrease markedly at long periods, Archambeau's theory predicts and the data of Linde & Sacks suggest that the peak in the spectrum for earthquakes of the same lltb as the explosions considered here will occur at periods much longer than 2 or 3 s. Thus, the P-wave signals and their spectra in Figs 1, 2 and 3 demonstrate a marked difference in the spectral content in the period range of about 1 and 20s between earthquakes and underground nuclear explosions (Wyss et al. 1971) .
Because of the low signal-to-noise ratio at periods longer than a few seconds, however, it is difficult to determine with confidence the shape of the spectrum at periods longer than 2 or 3 s for any of the explosions shown. The data in Fig. 3 imply that the spectrum at longer periods is approximately proportional to frequency, or inversely proportional to period, but the data are not adequate to show that a faster rate of decrease is not possible. To investigate this possibility, the P-wave spectrum recorded at Ogdensburg (OGD) was determined for two underground nuclear explosions detonated in Nevada (Jorum and Handley) and for a presumed underground explosion in Novaya Zemlaya (Fig. 4) . The vertical-component, long-period WWSSN instrument was used for periods between 1 and 20s, and the vertical component of a high-gain, wide-band, long-period instrument was used for periods greater than 16s. The Pomeroy instrument filters out the shorter period microseisms that tend to obscure the longer period character of the signal recorded by the WWSSN instrument. Fig. 4 shows the P waves from these three events recorded by the vertical component of the long-period WWSSN instruments at OGD. The signals from Jorum and Handley recorded by the Pomeroy instrument were simply pulses with amplitudes smaller than the width of the traces and with apparent periods of about 2 s. These phases would probably have gone unnoticed had a signal not been expected at the are made.
No longer period signal was clearly observed for Jorum or Handley. For Jorum, however, the trace is complicated by the arrival of an S wave from an earthquake in Mexico about 40 s after the P wave from Jorum. The WWSSN recordings (Fig. 4) similarly give no indication of a longer period signal. For the presumed Russian explosion, a clear long-period P wave was recorded at OGD by the Pomeroy instrument. All three explosions recorded on the WWSSN instrument have signatures similar to one another.
To show the decrease in spectral density with increasing period, the P-wave spectra from these three events and from both instruments are plotted on a logarithmic scale in Fig. 4 . The spectra are corrected for both the instrument response and attenuation using the average Q from Julian & Anderson (1968) for the appropriate distances. In all three cases the spectra reach a maximum at 2-to 3-s period and decrease rapidly at long periods. Because of the absence of a recognizable long-period signal from Jorum and Handley, the values obtained from the Pomeroy instrument constitute an upper limit for the P-wave spectral density from these events set by the noise level at the expected arrival time. For all three events, the spectral densities at about 2&30 s appear to be of the order of a fiftieth of those at about 2 to 3 s (Fig. 4) . These data suggest that the observed spectrum between at periods greater than the peak is proportional to the second, not the first, power of frequency.
Unfortunately, these events are the only ones recorded at OGD with P waves large enough to analyse and for which the Pomeroy instrument was operating, or for which the microseisms with periods near 20 s were not too large. Thus, the precise shape of the long-period portion of the P-wave spectrum is not well established. The data from Figs 1-4 demonstrate clearly, however, that the character and spectral content of P waves from underground explosions are very different from those of P waves from earthquakes.
Discussion
The radiated P-wave spectrum depends upon the change in stress at the source as a function of both space and time. Most theories of earthquake sources assume that tile time function of the equivalent force system at the source is approximately a step, usually with a finite rise time. Both the finite rise time and the finite spatial dimensions of the source limit the high-frequency portion of the spectrum. In the far field, most theoretical spectra are flat at low frequency, and at frequencies higher than some comer frequency decrease inversely at some power of frequency depending upon the theory. Theories of explosive sources exhibit similar phenomena for a pressure dependence on the inside of a cavity (or for the equivalent force system) given by a step function in time (Sharpe 1942) .
The comer frequency depends upon the wave velocity of the medium near the source, some characteristic dimension of the source, and for earthquakes, the direction and speed of rupture. Because of the small source dimensions of underground explosions, the comer frequency is approximately 1 cps or higher. Thus, the data for explosions described earlier are in the low-frequency portion of the spectrum, where for a step source time function, the spectrum would be flat. The sharp decrease at long periods must be due to some other phenomenon such as the effects of the propagation path or of a different source time function. An impulsive time function for stress at the boundary of the elastic zone surrounding a nuclear explosion would approximately account for the observed spectra. However, B. Isacks (personal communication) pointed out that the effect of the surface reflection (pP) on the P-wave spectrum may account, at least in part, for the sharp decrease of the spectrum at long periods.
(a) Surface reflection
The effect of the surface reflection is to modulate the spectrum by a factor (1 + A 2 + 2A cos at,)* where A is the relative amplitude of the surface-reflected wave to the direct wave (for an explosion A is the coefficient of reflection at the surface), o is the angular frequency, and to is the time interval between P and p P . Typical depths of focus of large explosions in the U.S. are between 1 and 2 km, and for explosions in Nevada, P-wave velocities in the source region are approximately 2.5-4kms-'.
For recordings at teleseismic distances, the angle of incidence at the surface for p P is small, and if A x -1, the modulation is then given approximately by 21sinot0/21. The modulating factor should be a maximum at o = n/t,, or at periods close to about 2 s, and at low frequencies the modulation is proportional to or,. For a step source time function, the far-field spectrum is proportional to the modulating factor, and thus is proportional to frequency at low frequencies.
A minimum in the observed spectrum should occur at o = 2n/t,, or for a frequency of about 1 Hz. Buchbinder (1968) noted that such a minimum did exist, and that the period of the minimum increased with increasing magnitude (mb) of the explosion. Although larger explosions tend to be deeper than smaller ones, Buchbinder noted that a simple relationship between depth of focus and the period of minimum does not exist. It may be, however, that the velocity of the material above the explosions varies from explosion to explosion in such a way that the different periods for the minimum are the result of different values of to x 2h/v, where h is the depth of focus and v is the average P-wave velocity of the material above the explosion. In fact, Cohen (1970) interpreted the minimum in the P-waves spectrum that he observed for other events as a measure of the depth of focus. The data from the present paper in this frequency band are inadequate to comment on the interpretation of this minimum in the spectrum.
As Buchbinder (1968) pointed out, other phenomena, such as the layering of the earth near the source or the finiteness of the source, will also affect the spectrum. Provided the source is in a layer of constant elastic constants and constant density, it is possible to take into account the layering by a suitable application of equations given by Fuchs (1966) , Guha (1970) , or Kogeus (1968) . Although the layering will affect the spectrum, its effect will probably be small compared with the effect of the free surface. The finiteness of the source could be important, particularly if the nonlinear zone surrounding the explosion (Kisslinger 1963) extends to the surface, causing some peculiar asymmetry to the radiation pattern or nullification of p P , or if the shattered zone caused by the explosions inhibits the propagation of the surfacereflected P wave back through it (D. Davies, personal communication) . Although such peculiarities and others may exist, I know of no evidence for these effects. Hence, the surface reflection cannot as yet be neglected as a primary cause for the sharp decrease of the P-wave spectrum from explosions at long periods.
One might ask why the same modulation is not commonly observed in the spectra from shallow earthquakes. It may occur in some cases and has not been detected. In fact, some of Guha & Stauder's (1970) data suggest an appropriate decrease in the spectrum at long periods. On the other hand, the quadrantal radiation pattern for P waves from earthquakes will usually cause P and p P to have very different amplitudes. Thus, in general, the constant A above will be very different from -1. Moreover, the finiteness of the earthquake source makes it impossible to consider the focal depth, and hence to, as a constant during the duration of the rupture. Also, for earthquakes at depths greater than 1-2 km, to will be larger than 2 s. As a result, the decrease in the spectrum at long periods may be in a period range where estimates of spectral density are unreliable. Thus, the absence of observations of a similar effect Thus to rz 1 s.
for P waves from earthquake does not preclude the importance of the surface reflection in modulating the far-field spectrum from underground explosions. (1) where t is time, r is distance, u(r, t ) is the displacement, z is the reduced time t -r / a , and u is the P-wave velocity. A and p are LamB's constants. At periods large enough that the source dimensions do not affect the spectrum of $, for a given r, $(t) is related to the pressure, P(t), in the elastic region surrounding the explosion by Pa3 = 4p$, where a is the radius of the inelastic zone surrounding the explosion, and to one component of the dipolar force, Po(t) by Po = 47r(A+2p)$ (Love 1944; Tsai & Aki, 1970a) . Thus, at long periods $ has been measured by suitable integration of near-field measurements of velocity and acceleration for a few small explosions in different media (Healy, King & O'Neill 1971 , Rogers 1966 , Sisemore, Rogers & Perrett 1969 , Werth & Herbst 1963 . For explosions in tuff, the medium used for many of the larger explosions in Nevada, $ was determined to be approximately a step function with a short finite rise time. For granite, $ is also a step for long periods, but contains an impulsive component so that the peak value of $ is about twice the h a 1 value. These measurements, however, are for small events and may not be reliable for larger events. Also, they may not be reliable for periods greater than a few seconds. In fact, the long-period portion of the observed acceleration spectrum from the underground explosion Benham given by Aki et al. (1969) In the far field only the second term is important. Thus, at long periods the displacement is proportional to the time derivative of the source time function. A step source time function will generate an impulsive signal, and the spectrum of the signal will be flat. An impulsive source time function will generate a doublet and the radiated spectrum will be proportional to frequency at low frequency. If the surface reflection does not have an important effect on the spectrum, then the decrease at long periods in the spectra in Figs 3 and 4 requires that the source time function be an impulse and not a step function. At long periods the surface reflection is likely to add an additional factor of frequency to the observed P-wave spectrum. Thus, for a step function the observed spectrum will be proportional to frequency, and for an impulse the observed spectrum will be proportional to the second power of frequency. Discrimination between these two cases requires precise determination of the long-period portion of the spectrum.
As discussed earlier, it is very difficult to measure reliably the long-period spectrum of a P wave from an explosion because of the lack of resolution with a short time sample and the contamination by microseismic noise. Nevertheless, for the event in Novaya Zemlaya, an estimate of the P-wave spectral density in the period range 16 to 32s was obtained using the Pomeroy instrument in Ogdensburg, and upper limits of this portion of the spectrum were determined for two other events (Fig. 4) . At about 20-30 s the observed spectral density corrected for attenuation is of the order of one-fiftieth or less of that at about 2 to 3 s. This ratio will not change more than a factor of 2.5 if no attenuation is assumed or if any other reasonable Q structure is used. The surface reflection alone cannot account for this large ratio between 2 to 3s and 20-s period. Hence, these data suggest that at long periods the far-field spectrum is proportional to the square of the frequency. The radiated spectrum would be approximately proportional to frequency, and the time function would therefore contain a large impulsive component. The limited amount and the quality of the P-wave spectra, however, are not adequate to establish how large the impulsive component is. Because lateral variations in earth structure are known to focus and defocus short-period body phases and cause variations in amplitude as large as a factor of 10 (Davies (1970a) ), the three spectra in Fig. 4 are not adequate to prove that the source time function for these or for other events is in fact primarily an impulse.
Another possible method of analysing the source time function might be to compare different portions of the spectrum using different wave types. The P waves can be used to study the shorter-period (-2 s) portion of the spectrum. Because of the much longer predominant periods of Rayleigh waves than of P waves, a more reliable measure for the long-period portion of the spectrum can be made by analysis of Rayleigh waves. A comparison of different portions of the spectrum can thus be made using both P and Rayleigh waves, provided that both the excitation and the propagation effects are known for both waves. Wyss's (1970) measurements of seismic moment determined from both P waves and Rayleigh waves suggests that for earthquakes such a comparison is reasonable. In fact, a good test of Archambeau's (1968 Archambeau's ( , 1970 theory of the seismic source might be to compare seismic moments determined from long-period surface waves (-100 s) with those determined from shorter-period (10-20s) P waves. There does not appear to be enough data at the present time to make such a comparison reliably for explosions.
Conclosions
The P-wave spectra from earthquakes and underground nuclear explosions of comparable mb are shown to be very different from one another at periods greater than about 1 s. Whereas this spectrum from an explosion reaches a peak at about 2 to 3 s and abruptly decreases at longer periods, that from earthquakes of comparable mb rises to a maximum value at periods larger than at least 5 s. As a result, the P waves recorded on long-period instruments from underground explosions are pulses of one or two cycles with predominant periods of 2 to 3 s. This observation suggests that explosions may be identified simply from their P-wave signals alone. A limitation ofthis technique for discrimination is that it is applicable for only the largest explosions (m,, > 6), because only these explosions can be recorded with the present long-period instrumentation. With higher maghfication in the band 1-5 s, quieter sites, and possible array processing, this threshold could be lowered. but probably not as low as m b = 4+, where surface-wave techniques are still reliable (Evernden 1969) .
On the other hand, during periods of time when the seismographs are disturbed by long-period signals from other events, it should be possible to filter the longer periods out and recover a short-period pulse, if one exists. As the surface waves from the event in question may be masked and techniques for identification employing surface waves could be inapplicable, analysis of P waves might be the most reliable method of discrimination during such times.
One likely explanation for the differences in P-wave spectra from earthquakes and explosions is that the surface-reflected phase, p P , modulates the far-field spectra from explosions by a factor of about 2lsin ot,/2). Thus, at periods much greater than the interval of time between P and pP(to), the modulation is approximately proportional to frequency.
An additional cause for the observed P-wave spectral difference between earthquakes and explosions, however, might be that the source time function for the explosion contains an impulsive component. The shape of the P-wave spectra (Fig. 4) measured at OGD for two explosions in Nevada (Jorum and Handley) and for a presumed explosion in Novaya Zemlaya suggests that the surface reflection alone cannot account for the steep decrease at periods greater than 3 s. These spectra are consistent with a source time function for the explosions that have a significant impulsive component. The data are not of sufficient quality or quantity to rule out any linear combination of impulsive and step function components in the source time function, unless other data demonstrate that the surface reflection does not have a major effect on the observed spectrum. In such cases, the data would prove that the source time function is primarily an impulse. 
